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Joint User Selection and Rate Adaptation Scheme in a Coordinated
Multipoint Transmission System for Power Minimization
Dong Wang, Bo Bai , and Wei Chen
Abstract: In a coordinated multipoint transmission system with centralized architecture for saving power
consumption, total power metric is minimized while completely using the backhaul capacity and maintaining the
minimum target data rate. The problem is formulated as a mixed integer optimization problem, which is difficult
to solve. To overcome this problem, a joint user selection and rate adaptation scheme is developed based on
the water-filling rate adaptation with the given user set and the power saving criterion with the allocated rates.
Numerical results demonstrate that compared with the norm-based and semi-orthogonal user selection algorithms,
the proposed algorithm can significantly reduce the total power consumption. The proposed algorithm can also
achieve near-optimal performance compared with the performance achieved by the exhaustive search-based
method. In addition, the computational complexity of the proposed algorithm is reduced by heuristic iteration and
search scope shrinking.
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1

Introduction

Coordinated multipoint (CoMP) transmission is
an emerging wireless cellular technology that can
enhance the network performance, especially celledge throughput[1, 2] . The CoMP architectures can
be categorized into centralized and distributed
schemes[3] . To implement centralized CoMP
transmission, all Base Stations (BS) should connect to
a Central Unit (CU) through backhaul links. Due to the
exchange of user data and Channel State Information
 Dong Wang is with the Department of Electronic Engineering,
Tsinghua University, Beijing 100084, China, and New Star
Research Institute of Applied Technology, Hefei 230031,
China. E-mail: d-w12@mails.tsinghua.edu.cn.
 Bo Bai and Wei Chen are with the Department of Electronic
Engineering, Tsinghua University, Beijing 100084, China. Email: eebobai@tsinghua.edu.cn; wchen@tsinghua.edu.cn.
 To whom correspondence should be addressed.
Manuscript received: 2015-01-13; revised: 2015-02-26;
accepted: 2015-04-13

(CSI) as well as precoding matrix, large backhaul
capacity is required, which is limited in many existing
networks[4] . Thus, the number of selected users in
each scheduled interval of the CoMP transmission is
restricted, since the sum rate of the selected users is
restricted by the backhaul capacity. Therefore, user
selection becomes essential in this scenario.
User selection schemes have been widely used
for maximizing the sum rate under total power
constraint. Yoo and Goldsmith[5] proposed a Semiorthogonal User Selection (SUS) algorithm to increase
the sum rate for a single cell. Jang et al.[6] and Peng
et al.[7] primarily focused on the inter-cell interference
cancellation based on a user selection algorithm and
a leakage-aware scheme for CoMP coordinated
scheduling and beamforming, respectively. To
maximize the sum rate, multicell cooperation with
orthogonal beamforming was investigated[8] . Moon et
al.[9] proposed a low complexity algorithm that selects
the best users and their beamforming strategies in
terms of maximizing the weighted sum rate. The
abovementioned literature focused on the sum
rate maximization, but did not consider backhaul
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capacity restriction. Thus, these schemes fail to
achieve the maximum sum rate when the backhaul
capacity restriction is considered in a practical
existing system. The backhaul overhead of the CoMP
transmission has been considered in Refs. [10,11]. Zhao
et al.[10] focused on determining the optimal BS
clustering and the transmit beamformers to minimize
the backhaul user data transfer. To minimize the
signaling overhead in the backhaul, they distributed
the user data only to the minimum number of
cooperating BSs while satisfying the individual BS
power constraints at the BSs and the Quality of
Service (QoS) requirements at the users. In Ref. [11],
for maximizing system-level performance, the BS
clustering and linear beamformers have been designed
with a power budget constraint of each BS. In this
study, to reduce backhaul overhead, partial cooperative
transmission was preferred, where each user was served
by a subset of BSs.
Meanwhile, another problem in CoMP systems is
limited power and energy[12] , which has attracted
significant attention. Some existing literature has
focused on the efficient energy utilization in the case of
single BS scenarios. Zhou et al.[13] completely utilized
the limited power to achieve maximum capacity. In
addition, Zhou et al.[14, 15] maximized Energy Efficiency
(EE) with a holistic power model. Moreover, Bai
et al.[16] minimized the outage probability and
maximized the EE simultaneously for multiflow
relay communication systems. The abovementioned
studies aimed at improving the data rate or EE for
utilizing energy efficiently without considering BSs
cooperation. Therefore, these abovementioned schemes
cannot adapt to CoMP systems.
Conversely, this study focuses on minimizing the
sum power of CoMP systems while completely using
the backhaul capacity and maintaining minimum target
data rate. The problem is formulated as mixed integer
programming. The main challenge in solving this
problem is that the user selection is coupled with
rate adaptation. To overcome this challenge, a joint
user selection and rate adaptation scheme[17] for
power minimization is developed based on the WaterFilling Rate (WFR) adaptation and Power Saving
(PS) criterion. Differing from the water-filling power
allocation, WFR fills the data rate to different user
channels. In other words, the proposed solution
scheme termed as WFR-PS, solves the problem of
sum power minimization by sequentially iterating
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with the WFR-PS algorithm. It has been verified
through simulation that the proposed algorithm based
on WFR-PS nearly achieves the optimal performance
of exhaustive search. Meanwhile, it can be seen that
the proposed algorithm provides significant total power
reduction compared with the SUS and norm-based
algorithms (where users are selected based only on
their channel gains). In addition, the complexity of
the proposed algorithm is reduced by using heuristic
iteration and search scope shrinking.

2
2.1

System Model and Problem Formulation
System model

Consider a CoMP system,
where a cooperative cluster
th BS has a user set Um

M D f1; 2;    ; M g. Thus,

as illustrated in Fig. 1,
contains M BSs. The mto be scheduled 8m 2
the overall candidate user



set of the cluster is ˝ D fUm W m 2 Mg. Each
BS is equipped with n t antennas, and each user has
one antenna. We assume that the total transmission
channel with bandwidth B is a frequency selective
fading channel[18] . The total transmission channel can
be divided into N flat narrow-band subchannels with
bandwidth B [19] . The user selection is performed on
each subchannel. Every selected user only works on one
subchannel. Let us focus on the s-th subchannel, where
s represents the subchannel index. During a scheduling
interval, the user subset UQm .s/ out of the m-th BS is
scheduled on the s-th subchannel 8m 2 M. Then, the

overall user set U .s/ D fUQm .s/ W m 2 Mg is scheduled
on the s-th subchannel simultaneously by the CoMP
cluster.
Let us focus on the s-th subchannel. For
simplification, the index s is omitted in the
following notations of channel and precoding

Fig. 1 CoMP system with three BSs transmits data to
multiple users jointly. The joint transmission links of other
users are omitted for conciseness.
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vectors. Denote mk as the k-th user in the m-th
cell. The global channel gain vector of user mk is
T
T
M n t 1
hT1mk ; h T2mk ;    ; hM
h mk D Œh
, which
mk  2 C
consists of the partial channel vector from the v-th BS
to the user mk , i.e., h vmk D ˛vmk ˇvmk hQ vmk 2 Cn t 1 ,
8v 2 M. The small-scale Rayleigh fading channel
vector hQ vmk 2 Cn t 1 is an independent and identically
distributed complex Gaussian random variable with
distribution CN .00; I n t /. Let ˛vmk capture the shadow
fading with the distribution 10lg˛vmk  CN .0; 1/ and
ˇvmk capture path loss effect. Then, H 2 CjU .s/jM n t
consisted of h mk , 8mk 2 U .s/, which is the holistic
channel matrix of U .s/, where jU j is the size of U . The
channel vectors of all active users are assumed to be
known at the CU.
For the CoMP transmission, one of the critical issues
is the intra-cell multi-user interference and inter-cell
interference[20] . It is well known that Zero-Forcing
Beam-Forming (ZFBF) is an attractive scheme for
interference elimination with low complexity[21] . Such
beamforming weights can be easily found by inverting
the composite channel matrix of the users. Moreover,
it has been proven that when the number of users is
large, ZFBF combined with user selection can achieve
the asymptotically optimal sum rate[5, 22] . In light of
the above discussions, we adopt ZFBF to cancel the
interference generated by the CoMP transmission. The
precoding matrix W 2 CM n t jU .s/j composed of the
column vectors w mk 2 CM n t 1 ; 8mk 2 U .s/ is the
pseudo-inverse of H [22] , i.e.,
 1
W D HH HHH
(1)
T
T
M n t 1
w T1mk ; w T2mk ;    ; wM
where w mk D Œw
mk  2 C
is the global precoding vector of the user mk . The
components w vmk 2 Cn t 1 , 8v 2 M, are the partial
precoding vector, which is distributed to the BS v for
w mk
the user mk . By normalizing, i.e., wO mk D
, we
w mk
have
w vmk
wO vmk D
(2)
w mk

Thus, the following equalities hold, i.e.,
8
M
X
ˆ
1
ˆ
ˆ
ˆ
;
h Tvmk wO vmk D
ˆ
ˆ
w mk
ˆ
ˆ
vD1
ˆ Q
ˆ
ˆ
M
m .s/j X
< jUX
h Tvmk wO vmj D 0;
ˆ
ˆ
j ¤k vD1
ˆ
ˆ
ˆ
Ql .s/j M
M
ˆ
ˆ
X jUX
X T
ˆ
ˆ
ˆ
h lmk wO vli D 0
ˆ
:
l¤m iD1 vD1

In a centralized CoMP architecture, each BS connects
to the CU through the backhaul links. The CU computes
wvmk for each subchannel 8mk 2 U .s/ and 8v 2
M. The precoding vectors and data for selected users
are sent to each BS. The transmitted signal at the v-th
base on the s-th subchannel is the sum of weighted user
signals[23] , i.e.,
M jUQX
m .s/j
X

wO vmk xmk

(4)

mD1 kD1

Therefore, the received signal of the user mk can be
given by
M
X
p
ymk D
pmk h Tvmk wO vmk xmk C
vD1

„

ƒ‚

…

Desired signal

jUQX
M
m .s/j X

p

pmj h Tvmk wO vmj xmj C

j ¤k vD1

„

ƒ‚

Intra-cell multiuser interference
Ql .s/j M
M jUX
X
Xp
pli h Tlmk wO vli xli
l¤m i D1 vD1

„

ƒ‚
p
pmk

Czmk D

…

Inter-cell interference

w mk

…

xmkCzmk

(5)

where the allocated power pmk .s/ for the user mk on
the s-th subchannel is the average signal to noise ratio
at the transmitter. We assume that the user symbol xmk
and white Gaussian noise zmk .s/ on the s-th subchannel
have the same distribution CN .0; 1/.
Then, the rate of user mk on the s-th subchannel
! is
pmk .s/
Rmk .s/ D Blog2 1 C
(6)
2
w mk .s/
The sum rate and power of selected users on the s-th
subchannel are, respectively, given by
X
Rmk .s/
(7)
R.s/ D
mk 2U .s/

p.s/ D

X

pmk .s/

(8)

mk 2U .s/

2.2

(3)

Problem formulation

In a CoMP system, the largest possible number
of scheduled users is confined by the number
of BS antennas and the backhaul capacity. To
completely utilize the limited backhaul capacity in
the CoMP system, we consider the case that the
achieved throughput of each BS equals the backhaul
capacity. According to Samardzija and Huang[23] , the
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backhaul traffic related to CSI or the precoding matrix
can be ignored, and only the backhaul traffic brought by
user data is considered. For equality among users, the
overall backhaul capacity C is evenly assigned to each
subchannel, i.e., the backhaul capacity corresponding to
C
each subchannel is CN D .
N
To minimize the overall power consumption of
the CoMP system, we need to minimize the power
consumption on each subchannel. This study aims
to determine the optimal user set and allocated
rate on each subchannel, which minimizes the sum
power subject to per subchannel backhaul capacity
constraint CN and minimum target rate R0 (i.e., QoS
requirement). For conciseness, the user index mk is
rewritten as k. By Eq. (6), we have


Rk .s/
2
B
w k .s/k 2
pk .s/ D kw
1
(9)
Without loss of generality, define ak .s/ 2 f0; 1g as
the binary indicator of user selection with ak .s/ D 1,
meaning that the k-th user is selected and ak .s/ D 0
otherwise[24, 25] . The power minimization on the s-th
subchannel can be formulated
 as follows: 
X
ak .s/Rk .s/
2
w k .s/k 2 B
1 ;
kw
k2˝.s/

s.t.

8
ˆ
ˆ
ˆ
<

X

ak .s/Rk .s/ D CN ;

k2˝.s/

ak .s/Rk .s/ > ak .s/R0 ; k 2 ˝.s/I
ˆ
ˆ
ˆ
: a .s/ 2 f0; 1g; k 2 ˝.s/
k

(10)

where ˝.s/ is the candidate user set on the
s-th subchannel excluding the selected users on
other
X subchannels. In Eq. (10), the first constraint
ak .s/Rk .s/ D CN ensures that the backhaul
k2˝.s/

capacity is completely used. The second constraint
ak .s/Rk .s/ > ak .s/R0 ; k 2 ˝.s/ guarantees that the
rate of each selected user is no less than the minimum
target rate. If the user is not selected, its rate should be
set to zero.

3

User Selection and Rate Adaptation
Algorithm

The optimization problem in Eq. (10) is mixed integer
programming, in which rate adaptation is coupled with
user selection. To deal with this problem, the original
problem can be solved in two stages: the rate adaptation
for the given user set and the optimal user selection with
the allocated rate.

3.1
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Rate adaptation for the given user set

For the given U .s/  ˝.s/, the equalities ak .s/ D 1
hold, 8k 2 U .s/. Then the original problem can be
simplified as follows:


X
Rk .s/
2
B
w k .s/k 2
1 ;
kw
k2U .s/

s.t.

8
<

P

Rk .s/

CN D 0;
(11)

k2U .s/

Rk .s/ 6 0; k 2 U .s/

: R
0

The solution of Eq. (11) is stated in Theorem 1.
Theorem 1 For minimizing the total power on the
s-th subchannel with fixed U .s/  ˝.s/, subject to
backhaul constraint CN and minimum target rate R0 , the
optimal value Rk .s/ can be obtained by
Rk .s/ D max .R0 ; L.s/ D.s//
(12)
where
L.s/ D Blog2 . v  B/
(13)
w k .s/k2 ln 2/
D.s/ D Blog2 .kw

(14)



The optimalX
value v is chosen to satisfy
max .R0 ; L.s/ D.s// D CN

(15)

k2U .s/

Proof For fixed U .s/, it easily can be seen that
the problem in Eq. (11) is a convex optimization
problem with respect to Rk .s/. By using Karush Kuhn
Tucker (KKT) conditions[26] , the Lagrangian function is
constructed as follows:
 R .s/

X
k
2



B
w k .s/k 2
L.Rk .s/; k ; v / D
1 C
kw
k2U .s/

X

k R0

0
1
X

Rk .s/ Cv  @
Rk .s/ CN A (16)

k2U .s/

k2U .s/

k 2 R



where
and v 2 R are Lagrange multipliers. By
calculating the derivative
R .s/
k

w k .s/k2 2 B ln 2
@L
kw
D
k C v 
@Rk .s/
B
the KKT conditions can be given as follows:
8
Rk .s/ 6 0; k 2 U .s/;
ˆ RX
0
ˆ
ˆ
ˆ
ˆ
Rk .s/ CN D 0;
ˆ
ˆ
<
k2U .s/

(17)

(18)
k > 0; k 2 U .s/;
ˆ
ˆ

ˆ
ˆ
ˆ
 R0 R .s/ D 0; k 2 U .s/;
ˆ
ˆ
: kı  k
@L @Rk .s/ D 0; k 2 U .s/
By solving the KKT conditions, Rk .s/ is obtained as
follows:
(
L.s/ D.s/; v  < v0 I

Rk .s/ D
(19)
R0 ;
v  > v0
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where v0 can be determined by
2

R0
B

w k .s/k 2
ln 2
kw
(20)
B
Equation (19) can be simplified
as Eq. (12). By
X

substituting Eq. (12) into
Rk .s/ D CN , Eq. (15) is
v0 D

k2U .s/

obtained, where v  can be solved uniquely.

Remark 1 Fortunately, this result is similar to the
water-filling policy, i.e., WFR. We can explain L.s/ and
D.s/ as the optimal water level and the height of the
tank bottom at the k-th patch, respectively. The total
amount of water is CN , and the minimum amount of
water for each patch is no less than R0 . The depth of
water above patch k is then the optimal value Rk .s/.
3.2

WFR-based user selection algorithm

Next, to completely solve the primal problem, we
have to find the optimal user set U  .s/ out of
˝.s/. For 8U .s/  ˝.s/, the optimal rate of U .s/,


i.e., R .U .s// D fRk W k 2 U .s/g, can be calculated
by Theorem 1. To determine the optimal user set
U  .s/ with the minimum total power, an exhaustive
search is complexity prohibitive. Thus, the user
selection algorithm is proposed based on the following
observation. For each user selection, the one bringing
the largest reduction of the total power should be
selected, and those increasing the total power should be
removed from the candidate user set to shrink the search
scope.

Fig. 2

Let ˝.n/ and u.n/ denote the residual candidate user
set and the selected user index at the n-th iteration,
respectively. The set U.n/ contains all the selected users
after the n-th iteration. P.n 1/ is the total power related
.u/
N
to U.n 1/ . P.n/
represents the sum power related to the
set U.n 1/ [ fug,
N where uN 2 ˝.n/ is the added user for
consideration at the n-th iteration. We can define the PS
criterion, i.e., total power increment brought by user u,
N
as follows:
.u/
N
.u/
N
P.n/
D P.n/
P.n 1/
(21)
.u/
N
If P.n/
6 0, the user uN will reduce the total
power. Otherwise, the total power will be increased. The
flow chart of the proposed power minimization
scheme is illustrated in Fig. 2, and the procedure
of the WFR-PS algorithm is summarized in
Algorithm 1. In the algorithm, Nmax is the maximum
number of the possible selected
users. The term

C
Nmax D min
; j˝.s/j; M n t represents to find the
R0
minimum from all elements. The candidate user set on
the s-th subchannel is denoted as follows:
˝.s/ D ˝ fU  .i / W i D 1; 2;    ; s 1g
(22)

The algorithm chooses the first user who owns the
maximum channel gain. The n-th user is selected as
follows: at the n-th iteration, combining U.n 1/ with u,
N
i.e., U.n 1/ [fug,
N we calculate the minimum total power
by WFR and the power increment by Eq. (21). For 8uN 2
˝.n/ , we obtain a temporary set of power increments

Flow chart of the power minimization scheme.
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Algorithm 1 User selection and rate adaptation algorithm
on the s-th subchannel
Input: ˝.s/, h k .s/; 8k 2 ˝.s/
Output: U  .s/, R .U  .s//

C
Initial: n D 1, ˝.1/ D ˝.s/, Nmax D min
; j˝.s/j;
R
0

M nt .
Step 1: select the first best user:
hk kg, P.1/ D pu.1/ ,
 U.1/ D fu.1/ g D arg max fkh
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Table 1 Simulation parameters
Simulation parameter
Number of BSs, M
Antenna number of each BS, n t
Total bandwidth, B
Bandwidth of each subchannel, B
Cell radius, d0
Path loss exponent of log-distance path loss model

Value
3
8
100 MHz
1 MHz
250 m
4

k2˝.1/

˝.2/ D ˝.1/ U.1/ , n WD nC1.
Step 2: while n 6 Nmax , calculate power increment:
 for set U.n 1/ , compute R .U.n 1/ / and P.n 1/ by
WFR;
 for
U.n 1/ [fug,
N
8uN 2 ˝.n/ ,
compute
.u/
N
R U.n 1/ [ fug
N and P.n/
by WFR;
.u/
N
 calculate P.n/
and P.n/ .
Step 3: if min P.n/ 6 0, select the n-th user:
o
n
.u/
N
, U.n/ D U.n 1/ [ fu.n/ g;
 u.n/ D arg min P.n/
u2˝
N
.n/

 P.n/ D P.n 1/ C min P.n/ ;
 8uN 2 ˝.n/ , search .n/ , ˝.nC1/ D ˝.n/ fu.n/ g .n/ ,
n WD nC1, and go to Step 2;
if not: break
return U  .s/ D U.n 1/ , R .U  .s// D R .U.n 1/ /. Then
the optimal transmission power for U  .s/ can be obtained by
R .U  .s//.

defined as follows:

.u/
N
P.n/ D fP.n/
W uN 2 ˝.n/ g

(23)

which is related to ˝.n/ and U.n 1/ . If min.P.n/ / 6 0,
the user corresponding to the minimum of P.n/ should
be selected. The iteration procedure will be stopped
when min.P.n/ / > 0 or n > Nmax . Furthermore,
we search for the users who provide positive power
increment at the n-th iteration, i.e.,


.u/
N
.n/ D fuN W P.n/
> 0; uN 2 ˝.n/ g

(24)

Note that to shrink the search scope for subsequent
iterations, the users contained in .n/ should be
removed from ˝.n/ at Step 3.

4

Simulation Results

In this section, the performance of the proposed
WFR-PS algorithm is evaluated on a subchannel. Table
1 lists the simulation parameters. The backhaul
capacity in practical existing systems is in a range
of [100 Mbps, 2 Gbps] for a 100 MHz transmission
bandwidth[4] . We perform Monte Carlo experiments
over 1000 independent channel realizations on single
subchannel to obtain the average results.
Figure 3 compares the average sum power

Fig. 3 Average sum power gain under different backhaul
˝ j D 30:
capacities: R0 D 1 Mbps, jU m j D 10, j˝

gain of the proposed algorithm with that of other
existing algorithms under different backhaul capacity
restrictions. The gains of average sum power are
defined as those that the minimum sum power of a
norm-based algorithm divides over that of the WFRPS, SUS algorithm, and the exhaustive search-based
method, respectively. It can be seen that the average
sum power gain of the proposed algorithm outperforms
that of the SUS algorithm, which selects as many
users as possible for maximizing the cell throughput
(i.e., SUS algorithm only optimizes user indexes but
fixes the user number at the maximum of the possible
selected users). Furthermore, the proposed algorithm
can achieve near-optimal performance compared with
the exhaustive search-based method.
For a more comprehensive investigation of the
performance of the proposed algorithm, Fig. 4 plots the
Cumulative Distribution Function (CDF) of the ratio
between the exhaustive search based method and the
proposed algorithm. It can be seen that the proposed
algorithm has approximately 98% chance of achieving
the same performance as the exhaustive search-based
method.
The average minimum sum power is evaluated over
different minimum target rates R0 in Fig. 5. We can
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Fig. 4 CDF of the ratio between total power of exhaustive
˝ j D 30.
search and WFR-PS: CN D 15 Mbps, jU m j D 10, j˝

Fig. 5 Average sum power under different target rate:
˝ j D 30.
CN D 15 Mbps, jU m j D 10, j˝

distinctly see that the performance of the proposed
algorithm can save power compared with the normbased and SUS algorithms, especially when R0 is
less than 4 Mbps/Hz in Fig. 5. This is attributed to
the fact that the proposed algorithm simultaneously
optimizes the selected user set and the allocated rate
vector. However, the other algorithms in Fig. 5, with
equivalent rates, only select as many users as possible;
however, the selected user set may not be the global
optimal set for power minimization.
Figure 6 shows the average minimum sum power
consumption with a mass scale of candidate users. It
can be seen that the proposed algorithm achieves lower
average total power than the other two algorithms,
when the number of candidate users in each cell rises
continuously.

5

Fig. 6 Average sum power under large number of users in
each cell: CN D 15 Mbps, R0 D 1 Mbps.

consumption in a CoMP system while meeting the
backhaul capacity constraint of the system and the
minimum target rate requirement of each user. The
problem is modeled as a mixed integer optimization
problem. To overcome this problem, a heuristic iterative
solution scheme is proposed, which is referred to as
WFR-PS, characterized by joint user selection and
rate adaptation. The rate adaptation is implemented by
WFR, and the optimal users are selected based on the
metric of sum power increment. It has been verified that
compared with the norm-based and SUS algorithms,
the proposed algorithm significantly reduces the total
power consumption. Furthermore, by using heuristic
iteration and search scope shrinking, the computational
complexity of the proposed algorithm, compared
with that of the exhaustive search-based method, is
decreased further with a negligible performance loss.
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